Catalytic oxidation of methacrolein (MAL) to methacrylic acid (MAA) over SiO 2 -supported H 4 PMo 11 VO 40 with different H 4 PMo 11 VO 40 loadings was investigated. H 4 PMo 11 VO 40 /SiO 2 showed high activity in comparison with unsupported H 4 PMo 11 VO 40 , and 3.3 mol% H 4 PMo 11 VO 40 /SiO 2 (50 wt% H 4 PMo 11 VO 40 ) had the highest activity, which was five-times larger than that of unsupported H 4 PMo 11 VO 40 due to high dispersion of H 4 PMo 11 VO 40 on SiO 2 , as determined by temperature-programmed desorption of benzonitrile. On the other hand, the supported catalysts were less selective towards the formation of MAA. From X-ray diffraction and Raman spectroscopy, it was determined that H 4 PMo 11 VO 40 decomposed to form MoO 3 on SiO 2 during the catalytic reaction. Since SiO 2 -supported MoO 3 and unsupported MoO 3 had only very low selectivity towards the formation of MAA in the oxidation of MAL, it was concluded that the formation of MoO 3 caused the decrease in the catalytic performance of the supported catalysts.
Introduction
Methacrylic acid (MAA) is an important intermediate in the production of methyl methacrylate and other derivatives, including polymers. Selective oxidation to produce MAA via methacrolein (MAL) is a two-stage process involving the oxidation of isobutene to MAL, followed by MAL to MAA. The first step of the reaction is conducted in the presence of a Mo-Bi-oxide catalyst, and the second step involves Keggin-type heteropoly compounds containing Mo, V, and P as catalysts [1] [2] . The oxidation of MAL to MAA has some issues, and in order to improve the yield of MAA, a highly active and selective catalyst is needed.
Selective oxidation of MAL over heteropoly compounds composed of P and
Mo has been studied extensively [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . It has been shown that substituting some Mo atoms with V atoms improves the catalytic activity and selectivity for the formation of MAA [13] . In addition, substituting H + with Cs + retards the oxidation of MAA to CO and CO 2 [13, 14] . [15] [16] [17] [18] [19] [20] .
As for oxidation catalysts, supported H 3+x PMo 12-x V x O 40 (x = 0 -2) have been investigated for gas-phase oxidatios of methanol [21] [22] [23] [24] , ethanol [25, 26] , ethene [27] , propene [28] , ethane [29] , isobutane [30] , ammoxidation of 2-methyl pyrazine [31] , and liquid-phase oxidations of tetrahydrothiophene [32, 33] , cycloalkenes [34] , toluene [35] , benzyl alcohol [36] and stylene [37, 38] . Nowińska et al. have demonstrated that SiO 2 -supported H 5 PMo 10 V 2 O 40 is higher active than unsupported one for the oxidation of ethane [27] . Liu and Iglesia have reported that supporting H 3+n PMo 12-n V n O 40 on SiO 2 enhances the catalytic activity and decreases the CO x selectivity in a one-step synthesis of dimethoxymethane via the oxidation of dimethyl ether or methanol [21] . Kim et al. have reported that H 3 PMo 11 O 40 supported on a mesostructured cellular SiO 2 foam, in which the support has been modified with 3aminopropyl triethoxysilane, shows high activity for the oxidation of ethanol to acetaldehyde at 503 K [25] . However, there are only a few reports on supported heteropolyacid catalysts being used in the selective oxidation of MAL. Kim et al. [39, 40] have demonstrated that H 5 VO 40 on the activity and selectivity were investigated. Changes in the catalytic performance, especially selectivity against the loading amounts, are discussed in conjunction with the chemical and physical properties of the catalysts before and after the catalytic reaction. 
Experimental

Preparation of catalysts
Characterization of catalysts
Powder X-ray diffraction (XRD) was performed using an X-ray diffractometer (Rigaku Mini Flex) with Cu Kα radiation (λ = 0.154 nm). Raman spectroscopy was performed using a laser Raman spectrometer (JASCO, RMP 200) with a 100 mW laser with a wavelength of 532 nm and a CCD detector.
Temperature-programmed desorption of benzonitrile (BN-TPD) was carried out using a custom-built TPD system equipped with a mass spectrometer (ANELVA, M-QA100S) as a detector. After the catalyst was pretreated in a N 2 flow at 523 K for 1 h, it was exposed to 0.122 μmol h −1 of BN in a He flow at 373 K for 2 h. The weakly adsorbed or physisorbed BN was removed in a He flow at 373 K for 2 h and then at 393 K. The temperature was then increased at a rate of 10 K min −1 to 873 K under a He flow while monitoring the mass signals (m/e = 18, 28, 44, and 103 for H 2 O, CO, CO 2 , and BN, respectively) in the exit gas. For CO and CO 2 , a GC (Shimadzu GC-8A) equipped with a thermal conductivity detector (TCD) and two packed columns (Molecular Sieve 5A, 2.85 mm × 3 m and Activated Carbon, 2.85 mm × 2 m) was used. In order to prevent interference from organic compounds, prior to the GC-TCD analysis, the gas was passed through a dryice trap to remove them. As an internal standard for GC analysis, CH 4 (31%) diluted with He was mixed at the outlet of the reactor. 
Catalytic reaction
Results and discussion
In order to evaluate the influence of the support on successive oxidation reactions of MAA, we assumed that the reactions of MAA to AcOH and CO x and MAL to MAA were first-order reactions. Thus, the yield of MAA could be determined as follows:
( 2) where k 1 , k 2 , k 3 , and k 4 are rate constants, [MAL] 0 is the concentration of MAA at the inlet of the reactor and, t is W F -1 . In Fig. 4 , the yield of MAA is plotted as a function of W F -1 . The experimental yields were fitted in relation to k 1 , k 2 , k 3 , and an optimized value of k 4 and are also shown in Fig. 4 . k 4 promoted both selective and non-selective reactions; however, the non-selective reactions were accelerated to a great extent (Table 1) .
Physical and chemical properties of catalysts
As mentioned above, supporting H 4 PMo 11 VO 40 on SiO 2 improved the catalytic activity but lowered selectivity for the formation of MAA. Thus, we next investigated the cause of the increase in the activity and the decrease in the selectivity by using physicochemical characterization techniques. Fig. 5 shows XRD patterns of the catalysts before the reaction. The diffraction pattern of unsupported H 4 PMo 11 VO 40 (Fig. 5a ) was identical to that of VO 40 was highly dispersed on the SiO 2 in the supported catalysts. Fig. 6 shows Raman spectra of the catalysts before the reaction. In the spectrum for unsupported H 4 PMo 11 VO 40 (Fig. 6a available for the reaction is larger, thus improving the catalytic activity. However, the trend in the catalytic activity shown in Fig. 2 does not fully agree with that in the amounts of adsorbed BN in Fig. 8 . For example, the maximum catalytic activity was observed at a loading of 3.3 mol%, whereas the maximum number of H 4 PMo 11 VO 40 exposed on the outermost surface was observed at a loading of 1.4
Pre-catalytic oxidation of MAL
mol%. The discrepancy indicates that specific activity per H 4 PMo 11 VO 40 exposed on the outermost surface is lower for the supported catalysts than it is for the unsupported one. In addition, selectivity of the supported catalysts for the formation of MAA was lower. In order to elucidate the cause, the catalyst after the reaction was investigated. Fig. 9 shows XRD patterns for the catalysts after 5 h of reaction.
Post-catalytic oxidation of MAL
Unsupported H 4 PMo 11 VO 40 (Fig. 9a ) gave a diffraction pattern similar to that before the reaction, although the diffraction lines were less intense and broader. On the other hand, in the case of the supported catalysts ( Fig. 9b-d VO 40 in the supported catalysts after the reaction was clearer from the Raman spectra. Fig. 10 shows Raman spectra of the catalysts after the reaction. Unsupported H 4 PMo 11 VO 40 (Fig. 10a) showed bands characteristic of a Keggin structure, and no other bands were detected. Therefore, the Keggin structure of the unsupported H 4 PMo 11 VO 40 remained intact even after the reaction, although the band intensity decreased. On the other hand, in the case of the supported catalysts ( Fig. 10b-d [43, 49] ) were detected. These results agree with the XRD measurements ( Fig.   9 ). In particular, in the spectra of 0.37 mol% H 4 PMo 11 VO 40 /SiO 2 (Fig. 10d) , the [41] . Our results are consistent with previously reported ones.
Catalytic oxidation of MAL over MoO 3 /SiO 2 and unsupported MoO 3
As mentioned in Section 3. are oxidized with the lattice oxygen (Mars and van Krevelen mechanism) to form MAA [11, 14, 52] . Thus, acid sites are indispensable for the selective formation of MAA. MoO 3 possesses acid sites, but they are weak [53] . Therefore, the first step reaction may not be promoted and consequently, the selective oxidation forming MAA was inhibited over MoO 3 /SiO 2 and unsupported MoO 3 .
Decomposition process of H 4 PMo 11 VO 40 on SiO 2
During the course of the catalyst preparation, the catalysts were calcined at 523 K and were then pretreated at a higher temperature of 593 K before the reaction.
On the basis of the time courses of the reaction shown in Fig. 1 , changes in the conversion and selectivity were not so large as a function of time. Thus, it is reasonable that the structure of the catalysts do not change drastically during the catalytic reaction.
We investigated the decomposition process of H 4 PMo 11 VO 40 under the pretreatment conditions. It is well-known that heteropolyacids undergo decomposition with deprotonation during thermal treatment [46] . Fig. 11 shows XRD patterns of the catalysts obtained after thermal treatment at 573 K for 5 h in a gas flow composed of O 2 , H 2 O, and N 2 , that is, under conditions the same as the pretreatment conditions. Unsupported H 4 PMo 11 VO 40 gave broad diffraction lines ( Fig. 11a ) compared with fresh catalyst (Fig. 4a) , and the XRD pattern was similar to that after the reaction (Fig. 8a) . On the other hand, 0.37 mol% H 4 PMo 11 VO 40 /SiO 2 after treatment showed sharp diffraction lines corresponding to MoO 3 (Fig. 12b ).
This XRD pattern is similar to that after the catalytic reaction (Fig. 8d) . The similarity indicates that the Keggin structure of H 4 PMo 11 VO 40 decomposes to form MoO 3 in the pretreatment stage. Fig. 12 shows XRD patterns of the 1.4 mol% H 4 PMo 11 VO 40 /SiO 2 after the catalytic oxidation for 5 h in the temperature range of 523-563 K, which is lower than the normal reaction temperature (573 K). In the pattern after the reaction at 523 K (Fig.12c ), diffraction lines corresponding to H 4 PMo 11 VO 40 were observed.
However, in the pattern at 553 K (Fig.12b) , diffraction lines were barely visible.
Furthermore, in the pattern at 563 K, diffraction lines corresponding to MoO 3 appeared. The Raman spectra of these samples are consistent with the XRD patterns (data not shown). Activities were calculated from the data at the conversions in the range of 8%-12%.
Selectivities were evaluated using conversions in the range of 8%-12%. Kanno et al. 10 20 30 40 2θ/degree Intensity/a.u. Kanno et al. 10 20 30 40 2θ/degree Intensity/a.u. 
